In response to DN A damage, Saccharomyces cerevisiae cells arrest the cell cycle in the Gz phase. Arrest is defective in rad9 mutants; rad9 cells divide and die without repairing the damage. Several cell cycle mutants that are defective in DN A replication arrest in G 2 at the restrictive temperature; this arrest is due to the RAD9 control function. Thus RAD9 is responsible for the fact that mitosis is normally dependent upon DN A replication, a function we term a 'checkpoint'. Four additional genes have been identified that are also components of the RAD9 checkpoint.
Most cells arrest cell division in the Gz phase of the cell cycle in response to D NA damage. We have identified a control mechanism that is responsible for this arrest in Saccharomyces cerevisiae. In G 2 , sister chromatids are present and therefore an undamaged sister chromatid can be used to provide information for homologous repair of a damaged chromatid. The value of having a homologous strand to repair damage is evident from the fact that G 2 haploid cells are quite resistant to D NA damage, while Gi haploid cells are quite sensitive (Resnick, 1978) . A single double strand break can be lethal for a Gi haploid cell, while a Gz haploid cell can repair about 50 double-strand breaks.
It is easy to discriminate cells at different stages of the yeast cell cycle by their morphology. The cycle begins with an unbudded cell with a nucleus; DNA replicates while the bud is small, the nucleus divides when the bud is large, and there is a brief stage prior to division when binucleate cells are present. Cells that are arrested in Gz as a result of DNA damage have a large bud, a single nucleus, and contain a G 2 content of D NA (determined by flow cytometry).
We reasoned that if there were a mutant defective in the control mechanism that imposes G 2 arrest in response to D NA damage, that mutant should be X raysensitive but should have a peculiar phenotype; following X ray treatment to induce DNA damage the cell would fail to arrest in G 2; rather it would divide. We examined a number of radiation-sensitive mutants that had been isolated by a variety of workers for this phenotype and found that mutations in one radiation-sensitive gene, rad9 (Haynes and Kunz, 1981) , had the expected phenotype.
This phenotype is most dramatic when we compare the behavior of unbudded Gi haploid cells. In an irradiated wild-type population, the unbudded cells arrest as a single cell with a large bud; this arrest is essentially irreversible, since G i haploid cells do not have homologous chromosomes from which to repair DNA breaks. In contrast, Gi haploid rad9 cells produce microcolonies containing two or three dead cells. All other rad mutants tested behaved like the wild type, each unbudded cell producing a single cell with a large bud characteristic of irreversible arrest in G 2.
Gi phase haploid RAD+ and rad9 cells are equally sensitive to double strand breaks induced by X irradiation. A defect in delay of repair-competent Gz cells would explain the increased sensitivity of rad9 strains to X irradiation (Game and Mortimer, 1974) . To demonstrate defective G 2 delay in rad9 cells directly, a population of wild-type and rad9 cells were blocked in G 2 by treatment with a microtubule poison (M BC). Following X irradiation and removal of M BC, the time required for individual cells to enter the next cell cycle was determined. The delay of wild-type cells was proportional to the extent of DNA damage (1 h/2krad), whereas rad9 cells were defective for irradiation-induced delay.
The failure of rad9 cells to arrest in Gz long enough to use the sister chromatid homology to repair DNA damage may be a sufficient explanation for the radiation sensitivity of this mutant without necessitating the hypothesis of deficiencies in DNA repair pathways themselves. We wanted to know whether RAD9 mutants were defective in repair as well as division control. In order to answer that question we did the following experiment. A population of wild-type and rad9 mutant cells were synchronized in the G 2 phase of the cell cycle using M BC; the cells were irradiated with X rays, left in MBC for 4h and then plated for viability. This pre-and post treatment with MBC conferred radiation resistance on the rad9 mutant cells. We conclude from this experiment that the primary defect in RAD9 cells is their inability to control cell division and not their inability to repair damage.
In subsequent experiments we have found that this result is strain-dependent. In some strain backgrounds rad9 cells are not protected by MBC-induced G 2 arrest. We suspect that the RAD9 gene product controls not only division but the induction of certain DNA damage-inducible genes; in some strain backgrounds the basal level of those inducible genes may be high enough to sustain sufficient repair activity in the absence of further induction, while in other strains it is not.
We wondered whether the RAD9 gene controlled Gz in response to intrinsic defects in the cell cycle as well as to extrinsic agents that induce D NA damage. One way that occurred to us to investigate this possibility was to ask whether any cdc mutants that arrest in G 2 do so because of this control mechanism. This possibility was tested by constructing cdc-rad9 double mutants and examining their behavior at the restrictive temperature. If the cdc-RAD 9+ strains were arresting as a result of a control imposed by the RAD9 gene then the cdc-rad9 double mutant would fail to arrest in G2 and might divide. We found that several cdc mutants (cdc9, cdcl3, cdcl7 and cdc2) that arrest in G 2 if they are RAD9+ do not arrest if they are rad9-. One dramatic case is the cdc 13 mutant. The cdcl3-RAD9 mutant cell population goes through approximately a doubling in cell number after a shift to the restrictive temperature and the cells arrest in G 2, while the cdcl3-rad9 double mutant cells go through approximately a 16-fold increase in cell number and do not arrest in G 2. The rad9 mutation is not acting as a suppressor of the cdcl3 mutation because the viability of the cdcl3-rad9 mutant cells at the high temperature is much less than the cdcl3-RA D 9+ cells. We interpret this result to mean that the temperature-sensitive cdcl3-RAD9 mutant arrests in G 2 because the cdcl3 defect activates the RAD9 control mechanism. We presume that CDC13 mutants at the high temperature fail to complete some step in DNA replication, and the failure to complete that step is recognized by the RAD9 function and arrests the cell in G 2. Other cdc mutants that activate the RAD9 control mechanism are cdc9 (defective in DNA ligase; Barker et al. 1985) and under some conditions (when DNA replication is nearly completed) cdcl7 (defective in DNA polymerase I; Carson, 1987) and cdc2 (defective in DNA polymerase III; Sitney et al. 1989) .
How doesRAD9 control cell division? We have cloned the RAD9 gene, determined the DNA sequence and studied its expression in response to D NA damage. The complementing D NA fragment contains a single long open reading frame that encodes a large protein with a predicted size of 149K (K = 1 0 3M r) that bears no similarity to other known proteins. Expression of RAD9 appears not to contribute to its ability to arrest cell division; neither the RAD9 transcript nor RAD9-lacZ translational fusion product were induced by X irradiation. , Our conclusions from this work are that when cells fail to complete DNA replication properly because of some intrinsic defect in the replication machinery, that deficiency is recognized by the RAD9 control function, and results in the arrest of the cell in the G 2 phase of the cell cycle. These results give us a much more global ,view of the function of RAD9 control step; namely, it controls mitosis in response to ;the completion of DNA replication. Thus the RAD9 control function serves as a 'checkpoint' that assures complete replication of D NA before mitosis is permitted.
It has been recognized for some time that the somatic cell cycle is controlled in a Very different way than that of some embryonic cell cycles (Kirschner, Newport and Gerhardt, 1985) . In the somatic cells of most if not all metazoa and in yeast, late events of the cell cycle (e.g. mitosis) are dependent upon the completion of early events (e.g. D N A synthesis). However, in the embryonic cell cycles of Xenopus and Drosophila (Raff and Glover, 1988) this is not the case. Since the somatic and embryonic cell cycles of the same organism (Drosophila) differ in this regard there must be control mechanisms that appear during development that make late events dependent upon early events. The RAD9 control mechanism is responsible in S. cerevisiae for the dependence that mitosis normally exhibits upon the completion of DNA synthesis. A mutant that has a similar function in Aspergillus has been described (Osmani et al. 1988) , although its properties are somewhat different. Furthermore, a similar phenotype is achieved in mammalian cells by caffeine treatment (Schlegel and Pardee, 1986) .
Is the RAD9 function essential for normal cell cycles? The answer is no. We have cloned the RAD9 gene and made a deletion of it; cells containing the deletion are viable and grow at a normal rate. The non-essentiality of RAD9 means that normally DNA replication is completed before mitosis begins and the RAD9 control function is not needed. If, however, DNA replication is delayed for some intrinsic reason, then RAD9's function is needed. We would predict, therefore, that RAD9-defective cells would have a lower fidelity in chromosome transmission than wild-type cells. In order to test this hypothesis, rad9 haploid cells disomic for chromosome VII were constructed and the frequency of chromosome loss and mitotic recombination were examined. Mutant rad9 cells lose chromosomes at a frequency about 10-fold greater than that of wild-type cells.
The RAD9 control mechanism might be complex, containing more components than just the RAD9 gene product. We have exploited the fact that cdcl3-rad9 cells die more quickly at the restrictive temperature than cdcl3-RAD9 cells to search for additional mutations that have the rad9 phenotype. Although we find many mutations that cause cdcl3 cells to die more quickly there is a small subset that also allow cdcl3 cells to divide into microcolonies at the restrictive temperature. We isolated 25 mutants with properties similar to rad9 and these fall into four complementation groups.
In conclusion, we have identified a control mechanism in the cell cycle consisting of five genetic elements. The function of this control mechanism is to monitor the state of D NA before mitosis and detect damage occurring from extrinsic sources like X irradiation or UY, or intrinsic damage due to failure to complete D NA replication; upon the detection of such damage the control mechanism prevents mitosis from occurring until the damage is corrected.
